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Background. Blood oxygenation level dependent (BOLD)
magnetic resonance imaging (MRI) provides a measure of de-
oxyhemoglobin content and therefore an indirect measure of
the partial oxygen pressure (pO2). The main purpose of this
study was to examine the relationship between the apparent
relaxation rate (R2
∗
) in the pig kidney by BOLD imaging and
renal tissue pO2 levels measured directly by oxygen-sensitive
microelectrodes. Second, BOLD imaging was applied to kid-
neys in pigs subjected to acute unilateral ureteral obstruction
(UUO) to examine whether this condition is associated with
changes in intrarenal oxygenation.
Methods. Oxygen-sensitive microelectrodes were inserted in
the cortex and medulla of pig kidneys (N = 6). Different arterial
and intrarenal levels of pO2 were obtained by stepwise chang-
ing the oxygen-to-nitrogen ratio supplied by a respirator. Si-
multaneous BOLD MRI measurements using an R2
∗
-sensitive
Echo Planar Imaging (EPI) sequence were performed on the
contralateral kidney. In another group of pigs (N = 3) BOLD
imaging was performed following 24 hours of UUO.
Results. When the inhaled oxygen fraction was 5% to 70%,
R2
∗
was linearly related to pO2 levels (cortex R2
∗
/pO2 =
−1.2 ms−1kPa−1, and medulla R2∗ /pO2 = –1.7 ms−1kPa−1).
Twenty-four hours of UUO was associated with an increased
R2
∗
in the cortex and a decreased R2
∗
in medulla as com-
pared with baseline, which remained augmented after the re-
lease of UUO, indicating that pO2 levels were reduced in the
cortex and increased in the medulla during and after release of
obstruction.
Conclusion. BOLD MRI provides noninvasive estimates of
regional renal oxygen content and our study demonstrates that
this technique may provide a useful tool in UUO which is asso-
ciated with altered renal oxygen consumption.
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Blood oxygenation level dependent (BOLD) magnetic
resonance imaging (MRI) was in this study applied to ex-
perimental conditions, where the underlying physiologic
changes suggest altered renal oxygen consumption. The
interaction between renal medullary transport of sodium
and water and oxygen consumption supports that mea-
surement of partial pressure of oxygen (pO2) in the kid-
ney is an important parameter when renal function is im-
paired. Precise methods for regional measurements of
pO2 in the renal tissue involve direct insertion of oxygen
sensitive microelectrodes, whereas techniques such as
near-infrared spectroscopy, nuclear magnetic resonance
spectroscopy, and electron paramagnetic resonance al-
low indirect measurement of the in vivo concentrations
of oxygen [1–6]. However, different restrictions and phys-
ical requirements make these methods currently unavail-
able for clinical purposes. BOLD MRI is another non-
invasive technique, which has shown capable of provid-
ing indirect measures of the renal oxygen content in vivo
[7]. This technique is based on diamagnetic properties of
oxyhemoglobin whereas deoxyhemoglobin has paramag-
netic properties in a magnetic field [8]. Changes in deoxy-
hemoglobin concentration involve generation of phase
incoherence of magnetic spins, leading to signal attenu-
ation in gradient echo sequences and an increase in the
apparent spin-spin relaxation rate denoted as R2∗. This
behavior, combined with the fact that pO2 in blood is in
equilibrium with pO2 in tissue, potentates BOLD MRI
to be an attractive tool for high resolution mapping of the
intrarenal oxygenation. Unfortunately, the BOLD tech-
nique does not allow quantifying pO2 in a tissue directly.
It is, however, generally assumed that the change of R2∗
is closely related to the change of pO2 [7], implying that
values of R2∗ can be interpreted as measures of pO2
if conversion constants are known; although intrinsically
dependent on renal blood flow and renal blood volume.
In the kidney the majority of the renal energy expen-
diture, estimated from its oxygen consumption, is de-
voted to the reabsorption of electrolytes filtered into the
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tubules. Thus, the local oxygen tension within the kidney
tissue reflects the balance between oxygen delivery and
consumption of oxygen in viable cells and tissue. The re-
nal medulla has a relatively small blood flow to support
the active work of sodium transport via the activity of
basolateral sodium, potassium-adenosine triphosphatase
(Na+, K+-ATPase), and since the renal oxygen consump-
tion has been shown to linearly correlate with the sodium
transport [9], lack of oxygen obviously affects this func-
tion critically. In view of this fact, it is interesting that
the renal medulla exists on the edge of hypoxia [10]. Al-
though the cortical pO2 has consistently been shown to
be higher than that in the medulla [11], the renal cortex
may also be susceptible to hypoxia since the cortex is un-
able to extract sufficient oxygen unless the concentration
of oxygen is relatively high [12].
Unilateral ureteral obstruction (UUO) is well-known
to be associated with reductions in renal blood flow
(RBF), glomerular filtration rate (GFR) and pO2 in the
renal parenchyma, providing the basis for development of
obstructive nephropathy [13]. In parallel, renal handling
of water and solutes is compromised, leading to impaired
urinary concentrating capacity [13]. These metabolic and
hemodynamic changes may in part be explained by al-
terations in the expression of renal prostaglandins and
activation of the intrarenal renin-angiotensin system [14–
17]. The renin-angiotensin-aldosterone system has been
demonstrated to play a critical role in the regulation of
sodium and water metabolism through a variety of physi-
ologic pathways. In addition to the hemodynamic effects,
angiotensin II may have direct effects on sodium trans-
port in the proximal tubule [18, 19]. Thus, a better under-
standing of the changes in renal oxygen content during
and after release of obstruction may provide a useful av-
enue to determine when obstruction of the ureter impairs
renal functions.
The purposes of the present feasibility study were
threefold. First, the relationship between R2∗ measured
by BOLD MRI and pO2 measured by oxygen-sensitive
microelectrodes was investigated. Second, BOLD MRI
was performed following administration of furosemide to
investigate the effect of loop diuretics on the renal tissue
oxygenation. Third, BOLD MRI was performed during
and after release of UUO to examine whether changes
in intrarenal oxygenation associated with this condition
can be detected.
METHODS
Animal handling
Twelve female Danish Landrace pigs were included
in the study. The animals were kept on a standard pig
diet and had free access to food and water until the
start of the experiment. The pigs were preanesthetized
using 10 mg/kg ketaminol (Veterinaria, Zurich, Switzer-
land) and 5 mg/kg dormicum (Dumex-Alpharma, Oslo,
Norway). Following orotracheal intubation, general
anesthesia was maintained with 1.2% isoflurane dur-
ing surgical procedures. During MRI, anesthesia was
accomplished by intravenously infusion of dormicum
(5 lg/min/kg), ketaminol (0.3 mg/min/kg), and pancurone
(2.5 lg/min/kg) (Organon Teknika, Boxtel, The Nether-
lands). A dedicated MRI-compatible respirator supplied
with two gas flasks containing 100% O2 and 100% N2,
respectively, maintained artificial ventilation. Each pig
received 0.1 mL/min/kg of isotonic saline intravenously
throughout the study. Animals were divided into the fol-
lowing protocols.
Protocol 1: Relationship between R2∗ and pO2 in
renal tissue (N = 6). A catheter was inserted in a femoral
artery to allow blood sampling for arterial pO2 moni-
toring. One kidney was exposed retroperitoneally by a
deep flank incision and immobilized by attaching the peri-
toneum to the flank with sutures. Oxygen-sensitive micro-
electrodes were inserted and placed in the central corti-
cal and medullary regions of the kidney guided directly
from the measured pO2 level (i.e., a high pO2 level indi-
cated that the microelectrode was in the renal cortex and
a low pO2 level indicated that the tip of the microelec-
trode was in the renal medulla). The body temperature
was maintained by surrounding the body with insulating
blankets. During the experimental procedure, different
arterial and intrarenal levels of pO2 were achieved by se-
quentially changing the percentage of the respirator sup-
plied oxygen-nitrogen fraction. The arterial pO2 levels in
the blood samples were analyzed (ABL555) (Radiome-
ter, Copenhagen, Denmark). A decrease in the supply of
O2 may consequently reduce the concentration of satu-
rated hemoglobin. Each pig was subjected to four to five
different levels of oxygen concentrations, and the range
of O2 was adjusted from a normoxic/hyperoxic level
(O2 = 70%) to a hypoxic level (O2 = 5%). All ad-
justments in the O2 concentrations were made in a de-
scending order and each change in O2 concentration was
followed by a 20-minute period of rest before additional
reduction in O2 concentration. Measurements of pO2 and
BOLD MRI were performed in an interleaved order. To
avoid artefacts induced by the oxygen microelectrode,
imaging was performed in the opposite kidney with the
assumption that the physiologic conditions of the two kid-
neys were comparable during the time of examination.
Protocol 2: Measurement of R2∗ in response to
furosemide (N=3). The effect of loop diuretics on the re-
nal oxygenation was investigated by measuring intrarenal
R2∗ before and after an intravenous bolus (0.5 mg/kg) of
furosemide (Hoechst-Roussel Pharmaceuticals, Kansas
City, MO, USA).
Protocol 3: Measurement of R2∗ in response to UUO
and release of UUO (N = 3). Twenty-four hours prior
to MRI, pigs were operated upon in general anesthesia.
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Using sterile procedures, a subcostal flank incision was
made and the left ureter was isolated. UUO was induced
by carefully cannulating the left ureter and placing the
tip of a catheter in the renal pelvis. The catheter was left
in place with the other end of the catheter closed using
a stop-gauge. After 24 hours of UUO, measurements of
intrarenal R2∗ in both the obstructed and contralateral
nonobstructed kidney were performed. Approximately
2 hours after this, the obstruction was released by removal
of the stop-gauge, and urine was allowed to drain through
the catheter. Measurement of R2∗ was repeated 1 hour
after release of UUO.
Oxygen electrodes
Dedicated Clark-type oxygen sensitive electrodes were
used for direct measurement of the intrarenal pO2
(Unisense Aps, Aarhus, Denmark) [3]. The electrode tip
has a diameter of 200 lm, which allows diffusion of oxy-
gen through a silicone membrane to an oxygen-reducing
cathode polarized against an internal Ag/AgCl anode
(−0.8 V). The flow of electrons from the anode to the
cathode corresponds to the pO2 around the electrode
tip. The sensor was connected to a high-sensitivity pi-
coammeter (Unisense PA2000) and the cathode was po-
larized against an internal reference. The oxygen sensor
responded linearly in the range of 0% to 100% oxygen,
allowing linear conversion of output currents into mea-
sures of pO2. The detection limit was as low as 0.1 lmol/L
of oxygen. All devices were initially checked for any MRI
incompatibility, and on the day of the experimental proce-
dure, the microelectrodes were calibrated in oxygen-free
medium (0.1 mol/L sodium ascorbate).
MRI protocol
MRI was performed on a 1.5 Tesla clinical system (GE
Medical Systems, Milwaukee, WI, USA). The system
was equipped with gradient capacity enabling a gradient
strength of 23 mT/m and a slewrate of 120 mT/m/second.
Animals were placed supine in a cylindric birdcage radio
frequency coil with a length of 415 mm and an inner diam-
eter of 275 mm. Sagittal and coronal slices were initially
obtained to localize regions of interest. BOLD MRI was
performed using a single-shot gradient-echo echo-planar
sequence in the transaxial plane. Acquisition parameters
included recovery time of 2400 msec, 90◦ radiofrequency
excitation flip-angle, 100 kHz signal bandwidth, 128 ± 128
acquisition matrix, and 30 ± 30 cm2 field-of-view. Six echo
times (TE) were equidistantly applied in the range from
40 to 140 msec. To optimize the signal-to-noise ratio each
acquisition was repeated eight times. The image of each
TE value was acquired during a temporary respiration
stop controlled by the ventilator (∼18 seconds), followed
by 75 seconds of rest to recover for differences in the cor-
tical and medullary oxygen concentration induced by the
respiratory stop. MRI data were transferred to an exter-
nal computer, and regions of medulla and cortex were
manually placed using homemade analysis software. De-
termination of R2∗ [equal to the slope of the Ln (signal
intensity) versus TE curve] was performed using standard
least-square fitting.
Statistics
The relationships of data measured by BOLD MRI,
microelectrodes, and blood gas analyses were evaluated
by scatterplots and Pearson’s product moment correla-
tion coefficient (r). Tests for linearity were statistically
evaluated by a first-order equation null hypothesis. The
effect of furosemide was evaluated using a paired two-
tailed Student t test. Although the number of animals
was limited, statistical differences between pO2 of UUO
kidneys were performed by a one-way analysis of vari-
ance (ANOVA). Statistical differences between ipsilat-
eral pO2 and contralateral pO2 were evaluated using
a two-sample paired Student t test. Statistics were per-
formed by the SAS statistical package (SAS Institute Inc,
Cary, NC, USA). P < 0.05 was considered statistically
significant.
RESULTS
Measurement of R2∗ by BOLD MRI correlated linearly
with pO2 levels in the renal tissue
In protocol 1, we examined the relationship between
pO2 levels measured by gas analysis of arterial blood and
renal cortical and medullary pO2 levels measured directly
with the oxygen sensing microelectrodes. Linear regres-
sion was performed using the assumption that the slope
must intercept at origin, since oxygen presence in the
kidney is possible only during the presence of oxygen
in arterial blood. Arterial pO2 levels correlated linearly
with both cortical pO2 levels (0.30 ± 0.02) (r = 0.90) and
medullary pO2 levels (0.22 ± 0.01) (r = 0.94) (Fig. 1).
Next, we examined if there exists a relationship be-
tween the R2∗ measured by BOLD MRI and renal tissue
pO2 levels. Cortical and medullary R2∗ levels correlated
linearly with renal tissue pO2 levels (Fig. 2). From these
data a fitted first-order linear equation was generated for
the cortex (21.1 msec−1 − pO2·1.2 msec−1kPa−1) (r =
0.73) as well as for the medulla (25.7 msec−1 − pO2·1.7
msec−1kPa−1) (r = 0.67). Linear regression was statisti-
cally accepted (P < 0.001).
The effect of furosemide on renal oxygenation
The effect of intravenous administration of furosemide
on R2∗ is shown in Figure 3A. The changes in R2∗ were
quantitatively interpreted in terms of kPa units using the
equation derived in protocol 1. Furosemide administra-
tion was associated with moderately decreased R2∗ in
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Fig. 1. Partial pressure of oxygen (pO2) in the renal cortex and medulla
measured by oxygen-sensitive microelectrodes were linearly related to
pO2 in arterial blood measured by a gas analysis. Mean values are shown
with standard error of the mean.
the cortex (from 12.7 ± 0.6 msec−1 to 11.3 ± 0.6 msec−1),
corresponding to a statistically significant increase in the
pO2 level (pO2 = 1.2 ± 0.5 kPa) (P = 0.015). Medullary
R2∗ decreased markedly in response to furosemide (from
18.5 ± 0.6 msec−1 to 12.5 ± 1.2 msec−1), corresponding to
a statistically significant increase in the pO2 level in the
renal medulla (pO2 = 3.5 ± 0.7 kPa) (P < 0.001).
UUO and release of UUO are associated with changes
in intrarenal R2∗
After 24 hours of UUO R2∗ values in the cortex of
the obstructed kidney were significantly increased com-
pared with baseline R2∗ values obtained in normal un-
treated kidneys (Fig. 3B and C) (18.8 ± 1.3 msec−1 vs.
12.7 ± 0.6 msec−1) (P < 0.001). In contrast, R2∗ in
the renal medulla of the obstructed kidney was slightly
decreased (14.9 ± 1.8 msec−1 vs. 18.5 ± 0.6 msec−1)
(NS) suggesting that UUO causes a reduction in the
pO2 levels in the cortex and a slight increase in the
pO2 levels in the medulla of the obstructed kidney af-
ter 24 hours of UUO. Twenty-four hours of UUO did
not reveal marked changes between the ipsilateral and
contralateral R2∗ neither in the cortex (R2∗ = 18.8 ±
1.3 msec−1 vs. R2∗ = 16.2 ± 0.8 msec−1) (NS) nor in
the medulla (R2∗ = 14.9 ± 1.8 msec−1 vs. R2∗ = 13.4 ±
0.6 msec−1) (NS). After release of UUO, cortical R2∗
decreased slightly in the ipsilateral kidney (from 18.8 ±
1.3 msec−1 to 17.1 ± 1.5 msec−1), corresponding to an
increase in pO2 (pO2 = 1.0 ± 2.5 kPa) (NS), whereas
cortical R2∗ increased slightly in the contralateral kidney
(from 16.2 ± 0.8 msec−1 to 18.5 ± 1.0 msec−1), corre-
sponding to a slight decrease in pO2 (pO2 = −1.9 ±
0
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Fig. 2. The graphs demonstrate the relationship between spin-spin
relaxation rates (R2∗) and pO2. Data include standard error of mean of
cortical (A) and medullary (B) measurements. The solid line represents
the linear regression to the data.
1.9 kPa; N.S.). In addition, release of UUO revealed
that medullary R2∗ was unchanged in the ipsilateral
kidney (from 14.9 ± 1.8 msec−1 to 14.5 ± 1.9 msec−1)
(pO2 = 0.2 ± 0.9 kPa) (NS). In the contralateral kid-
ney R2∗ increased moderately (from 13.4 ± 0.6 msec−1 to
16.3 ± 2.5 msec−1) (pO2 = −1.7 ± 1.6 kPa) (NS).
DISCUSSION
The present study confirmed a linear relationship be-
tween measurement of R2∗ in the kidney by BOLD MRI
and direct measurements of pO2 levels in the renal tis-
sue using oxygen sensitive microelectrodes. This find-
ing demonstrates that BOLD MRI provides a reliable
estimate of regional renal oxygen content. Intravenous
administration of furosemide was associated with an
acute R2∗ decrease in both the renal cortex and medulla
demonstrating the anticipated reduction in the metabolic
demands in response to diuretics. Twenty-four hours of
UUO release were associated with an increased R2∗ in
cortex in parallel with a slightly decreased R2∗ in the renal
medulla, which persisted after release of UUO, suggest-
ing that the pO2 levels in cortex are reduced, whereas the
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Fig. 3. The effect of furosemide administration (protocol 2) on R2∗
in the renal cortex and the renal medulla (A), demonstrating an in-
creased oxygenation level following furosemide. Measurements of R2∗
in response to unilateral ureteral obstruction (UUO) (protocol 3) are
shown for the cortex (B) and in the medulla (C) before and after release
of 24 hours of UUO. Data are shown as mean values with standard error
of mean.
pO2 levels in the renal medulla are increased in response
to acute obstruction.
BOLD MRI is sensitive to oxygenation
Although the kidney receives approximately a quarter
of the cardiac output and has the highest organ blood
flow in the body, this large blood supply is mainly di-
rected to the cortex to optimize glomerular filtration and
reabsorption of solutes. By contrast, the blood flow to the
medulla is low, and generally, the medulla is poorly oxy-
genated, resulting in a medullary pO2 consistently lower
than that in the cortex. The MRI BOLD technique readily
detects alterations in the concentration of deoxygenated
blood and has demonstrated promise in quantifying the
intrarenal oxygenation by the fact that a decreased R2∗
implies an increase in the pO2 both within blood and re-
nal tissue. This study demonstrated that the pO2 level in
the renal cortex and medulla correlated linearly with the
pO2 of arterial blood, although the slopes differed dis-
tinctly. Furthermore, the relationship between intrarenal
R2∗ measured by BOLD and pO2 measured directly
from oxygen-sensitive microelectrodes was defined for
an inhaled fraction of oxygen in the range 5% to 70%
(cortex R2∗/pO2 = −1.2 msec−1·kPa−1 and medulla
R2∗/pO2 = −1.7 msec−1·kPa−1). This observation in-
dicated that the measured R2∗ in the renal cortex did
not change at the same rate as R2∗ in the renal medulla,
presumably explained by the marked difference in blood
supply to renal cortex and medulla. It is, however, sur-
prising that the difference in R2∗/pO2 ratio between
the two regions are relative small taking into account that
the saturation-pO2 relationship of the medulla falls in the
linear regime of the oxygen saturation curve while the
cortex lies on the shoulder. This means that the sigmoid
relationship of pO2 to the oxygenation of hemoglobin
(the oxygen-hemoglobin dissociation curve) makes the
BOLD technique more sensitive to oxygen changes at
low pO2 levels. The lack of significant difference be-
tween the cortical and medullary R2∗/pO2 ratio may
be explained by the fact that the hematocrit influences
the affinity of hemoglobin for oxygen and the difference
in capillary and large vessels hematocrit will generate
a shift in the oxygen-hemoglobin dissociation curve at
these sites.
However, some important limitations associated with
interpretation BOLD MRI data in terms of quantitative
oxygen content must be addressed. Although this study
demonstrated a linear relationship between R2∗ and pO2
in the kidney based on BOLD MRI and microelectrode
data from six presumably comparable normal pig kidneys,
extrapolation to other subjects may likely suffer by dif-
ferent constraints associated with measurements of R2∗.
Although BOLD MRI is generally known to exploit the
fact that R2∗ varies dependent on whether hemoglobin
is in the oxygenated or in the deoxygenated form, the
rate of spin dephasing is critically dependent on phys-
ical conditions such as magnet field inhomogeneity. In
addition, Boxerman et al [20] demonstrated that R2∗ is
influenced by the volume fraction of blood, vessel geom-
etry, and applied pulse sequence parameters, supporting
the view that the absolute magnitudes of R2∗ are less im-
portant than the relative changes. This goes along with
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the findings revealed by Li et al [21], demonstrating a
marked difference in R2∗ between individual subjects in-
vestigated at different times. Therefore, even though the
linear relationship between R2∗ and pO2 (as shown in
this study) exists, R2∗ cannot be directly translated to
pO2. However, changes in R2∗ can be interpreted to be
closely related to changes in pO2 provided the measure-
ments are made in the same regions before and after a
physiologic/pharmacologic maneuver. Having said that
R2∗ is in its nature related to the additional dephasing
arising from an inhomogeneous static magnetic field, in-
troduction of microelectrodes and electric cables into the
magnet will cause local magnetic susceptibility variations.
Hence, measurements of R2∗ was performed contralat-
erally to the kidney having inserted microelectrodes to
avoid susceptibility artefacts induced by these devices.
R2∗ is lower in the renal medulla than in the renal cortex
In the present study we demonstrated that R2∗ is lower
in the renal cortex as compared with R2∗ in the renal
medulla. This confirms the findings of previous studies [7,
22], and the results indicated a lower oxygen supply or a
high oxygen consumption in the renal medulla. Thus, the
measured R2∗ values are comparable with those previ-
ously reported in humans [7, 21], BOLD MRI is critically
dependent on the level of microscopic field inhomogene-
ity (i.e., reducing the voxel size will reduce the sensitivity
because the level of inhomogeneity within a smaller vol-
ume element is obviously smaller). In other words, R2∗
values measured in the same region with significantly dif-
ferent voxel size will be different. As a consequence, R2∗
values cannot easily be compared in situations where dif-
ferent geometric parameters are being used.
The medulla includes different anatomical components
all having limited oxygen availability [23], including the
outer and the inner stripe of outer medulla as well as
the inner medulla. The balance between oxygen demand
and supply is most critical in the outer stripe where the
tissue pO2 is dependent on the active transport activ-
ity related to the Na+, K+-ATPase located in the thick
ascending limb of the loops of Henle. Recently, these
three intrarenal compartments have been separated in
the rat kidney using BOLD MRI with distinct R2∗ val-
ues [24], demonstrating the highest R2∗ being located in
the outer stripe of the outer medulla. This is consistent
with the outer stripe being the site, which has the highest
rate of oxygen consumption. In the present study, we did
not distinguish between these renal medullary compart-
ments because the multipapillary configuration of the pig
kidney precluded the applied MRI protocol to provide
a sufficient spatial resolution for this. Thus, differences
between the different medullary zones could not be de-
tected in the present study.
The MRI BOLD technique allows measurements of
R2∗, but importantly is unable to distinguish differences
in pO2 levels produced by changes in the supply of oxy-
gen (e.g., arterial blood supply) to the organ from those
produced by changes in oxygen consumption by the tissue
[7]. Obviously, supply of oxygen to the kidney is primarily
dependent on the RBF and blood volume. The ability to
sustain RBF under normoxic and hyperoxic conditions
was recently demonstrated, under conditions with dif-
ferent concentrations of inhaled oxygen in conscious rats
[25]. Conversely, it was found that hypoxia was associated
with a generalized increase in RBF [25]. These findings
indicate that even during conditions with hypoxia RBF
may increase to a level where renal tissue pO2 is main-
tained. In contrast, conditions with renal hypoperfusion
may also be associated with an improved local oxygen
supply to the outer medulla [25]. This takes place be-
cause of efferent arteriolar vasodilation, which causes an
increase in RBF and a reduction in GFR [26]. On the
other hand, it has been shown that an acute 60% reduc-
tion of RBF induced by renal arterial stenosis produced
renal hypoxia predominantly in the cortex measured with
R2∗ [27], supporting the ambivalent complexity of renal
hypoxia.
Furosemide increases renal pO2
The increase in medullary pO2 (evidenced by an de-
creased R2∗) in response to furosemide observed in
healthy pigs in the present study is consistent with previ-
ous studies using BOLD MRI [28] and invasive oxygen-
sensitive microelectrodes [26]. The decreased medullary
R2∗ in response to furosemide is the result of an inhibition
of the bumetanide sensitive cotransporter NKCC2 and
thereby the reduction in active reabsorptive transport
in the medullary thick ascending limb. Importantly, Do-
browolski, Badzynska, and Sadowski [29] demonstrated
using laser Doppler technique a decrease in cortical and
medullary blood flow in response to furosemide. Thus,
the decreased R2∗ in the renal medulla as indicated by
BOLD MRI in response to furosemide is consistent with
a substantial decrease in oxygen consumption in the renal
medulla.
The effect of UUO and release of UUO on intrarenal
pO2
The present study demonstrated that 24 hours of UUO
slightly decreased R2∗ in the renal medulla, support-
ing the view that the metabolic work in the medulla is
reduced, supposedly accompanied by the reduction in
renal medullary blood flow, which has previously been
demonstrated in response to acute UUO [30]. However,
the pathophysiologic mechanisms involved in the renal
hemodynamic and cellular changes in response to uri-
nary tract obstruction are incompletely understood [13].
Pedersen et al: Validation of Quantitative BOLD MRI measurements in kidney 2311
Regulation of oxygen levels in the renal medulla during
UUO is complex and involves regulation of both oxygen
supply and demands. Characteristically, the observed in-
crease in R2∗ in the cortex after 24 hours of UUO sup-
ports the view that RBF and GFR are reduced in response
to UUO, and secondary, there is a reduction of the filtered
load to the tubules [31]. At the same time, renal pelvic
and interstitial pressure is increased which may directly
affect renal cellular mechanisms by stimulating apopto-
sis [32]. Previous studies have also demonstrated that ob-
struction is associated with transport defects in both the
inner medulla and the collecting duct [33]. Studies in in-
tact cells revealed marked reductions in the inhibitory
effects of both furosemide and ouabain on oxygen con-
sumption in cells from obstructed kidneys as compared
with control animals, indicating reduced activities of both
the Na, K, 2 Cl cotransporter and the Na, K, ATPase [34].
Consistent with this, in vivo studies demonstrated that
UUO and release of UUO are associated with a marked
down-regulation of key renal sodium transporters, espe-
cially the NKCC2 located to the thick ascending limb [35],
suggesting that during UUO the demand for oxygen in
the renal medulla is reduced. Furthermore, oxygen con-
sumption studies revealed marked reductions in both the
amiloride-sensitive and ouabain-sensitive QO2 in intact
inner medulla collecting duct cells from obstructed kid-
neys, indicating a reduction in oxygen-dependent trans-
port activities of both epithelial sodium channels and the
Na, K, ATPase in the collecting duct [34]. These findings
support the view that the renal medullary metabolism is
highly susceptible to urinary tract obstruction. Consistent
with this, the results of the present study indicated that the
renal medullary oxygen content changes after UUO and
importantly indicated an inappropriate relationship be-
tween reduction in demand and supply of oxygen. The re-
duction in RBF to the renal medulla and supply of oxygen
cannot be compensated for by the reduction in metabolic
oxygen demands.
The unchanged level of R2∗ at 24 hours after onset
of UUO indicates a parallel reduction in the supply and
demand for oxygen in the renal cortex during obstruction.
Numerous energy-requiring processes take place in the
renal cortex, in particular those related to epithelial cells
of the tubules where reabsorption of solute and water
takes place. During UUO most of the transport proteins
involved in transepithelial transport of ions and water are
down-regulated [36], supporting the view that a there is a
general reduction in the demand for oxygen to drive the
metabolic work.
CONCLUSION
Based on simultaneous measurements of R2∗ by
BOLD MRI and pO2 levels by oxygen sensing micro-
electrodes we were able to translate these parameters
into unique conversion constants for the renal cortex and
medulla, allowing us to relate R2∗ in terms of pO2.
In addition, quantitative interpretation of R2∗ was con-
ducted in two separate clinical relevant studies including
measurements of intrarenal oxygenation after adminis-
tration of furosemide and in response to 24 hours of UUO.
The BOLD MRI technique offers a unique way to mea-
sure dynamic and regional changes in tissue oxygenation
noninvasively. Future studies may successfully introduce
BOLD MRI to evaluate oxygenation dependent mecha-
nisms of nephrotoxicity and other conditions associated
with chronic renal function impairment. The major limita-
tion of this technique is that it cannot distinguish between
alterations in renal oxygen supply and alterations in tis-
sue oxygen consumption. It should also be emphasized
that BOLD MRI is inherently complicated by different
aspects including magnetic susceptibility effects, vessel
geometry, and pulse sequence parameters, and measure-
ments of R2∗ should therefore be interpreted only on a
relative basis.
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